INTRODUCTION
In our laboratory we have focused on the enzymology and regulation of lipid synthesis in plants, particularly with respect to the deposition of seed storage lipids [1] . A key component in such synthesis is the enzyme acetyl-CoA carboxylase (ACCase) (EC 6.4.1.2). ACCase catalyses the ATP-dependent carboxylation of acetyl-CoA to form malonyl-CoA, pivotal in supplying the substrate for both fatty acid [21 and flavonoid biosynthesis [3] . From an industrial viewpoint the ACCase gene/protein is also a prime target for herbicide action in dicotyledonous plants [4] [5] [6] . The nuclear-encoded protein (type I) from a variety of plant tissues has been extensively studied and there is a consensus that its subunit molecular mass is more than 220 kDa [7] [8] [9] [10] [11] [12] [13] [14] . Recently it has become apparent that there may also be a chloroplast-encoded (type II) ACCase [15] which resembles the prokaryotic form having three separate polypeptides. The 220 kDa type-I enzyme has been purified from rape seed [13] but no DNA sequence data have been presented to date. Turnham and Northcote [16] demonstrated that, during rape embryogenesis, ACCase protein activity is induced before the deposition of storage lipid. They showed that its activity, unlike other fatty acid synthetase components, was rapidly switched off after attainment of full lipid deposition. Although this study was both comprehensive and reproducible, no analysis of rape ACCase expression, at the mRNA level, has been presented to date. Northern-blot analysis has indicated that, in the monocots maize [7] and wheat [11] , the higher-plant mRNA (like animal ACCase) is exceptionally long (7.5-8 kb) , impeding direct isolation of a full-length cDNA. In animals [17, 18] cDNA sequences have been deduced using sets of overlapping clones but no full-length cDNA has yet been reported. A recent report by Roessler and carrier-protein) reductase. Levels of ACCase mRNA were shown to peak at 29 days after anthesis during embryonic development, similarly to enoyl-(acyl-carrier-protein) reductase and 3-oxoacyl-(acyl-carrier-protein) reductase mRNA. In addition, a full-length genomic clone (19 kb) of Arabidopsis ACCase has been isolated and partially sequenced. Analysis of the clone has allowed the first plant ACCase activity domains (biotin carboxylase-biotin binding-transcarboxylase) to be ordered and assigned. Southernblot analysis using the Arabidopsis clone indicates that ACCase is a single-copy gene in Arabidopsis but is encoded by a small gene family in rape.
Ohlrogge [19] described the isolation and sequencing of a fulllength algal ACCase genomic clone.
To obtain further insight into ACCase from dicotyledonous plants we attempted to isolate a cDNA for rape ACCase by heterologous probing with a wheat ACCase cDNA clone. The wheat clones identity was verified by direct amino acid sequencing [1 1] .
The aims of the present study were twofold: (i) to isolate rape ACCase cDNAs, and (ii) clone the ACCase gene from Arabidopsis, which has a smaller genome than rape. Any cDNA would permit us to look at the expression of ACCase (by Northern blots), generate antibodies to the overexpressed protein and construct ACCase antisense constructs with the cDNA to study down-regulation. A genomic clone would provide the means to assign the plant ACCase domain structure and in turn allow the use of PCR to synthesize probes for further rape cDNA cloning. This paper describes (i) the successful cloning and sequencing of three partial-length cDNA clones of rape ACCase, (ii) expression studies on the gene in relation to both oil deposition and expression of other fatty acid synthetase components and (iii) the isolation, characterization and domain assignment of a fulllength Arabidopsis genomic clone.
MATERIALS AND METHODS cDNA library construction cDNA library from poly(A)+ RNA The cDNA library used was generated using poly(A)+ mRNA isolated by the method of Logemann et al. [20] The amino acid sequence is translated from the first open reading frame shown pictorially. The cDNA library 150000 plaque-forming units were screened as previously described [11] . The filters were hybridized at 65°C and washed four times with 1 x SSC/O.1 % SDS for 30 min at 65 'C. Plasmid rescue of cDNA clones was carried out as described in the Stratagene protocol for 'in vivo excision of pSK from AZAPII'.
For the Arabidopsis genomic library 2 x 104 plaque-forming units were screened essentially as above.
Preparation of genomic DNA from positive plaques A single positive plaque from the tertiary screen was incubated with 500 ,ul of fresh KW251 cells at 37 'C for 20 min. Prewarmed Luria-Bertani medium (50 ml at 37 'C) and 500 #1 of 1 M MgSO4 were added. The culture was incubated with mild shaking at 37 'C for 5-7 h (until lysis occurred), and 250 ,ul of chloroform was added to the culture for a further 15 min at 37 'C. DNA was isolated using the Magic Lambda prep (Promega) procedure as described by the manufacturers.
Subcloning was carried out by the method of Sambrook et al. [21] .
Sequencing of DNA clones
Sequencing was carried out using an Applied Biosystems Inc. 373A DNA sequencer (Durham University sequencing service; Ms. J. Bartley). Both forward and reverse primers (-21ml 3 and Ml 3RP1) were used initially for all clones. Nested deletions were generated as recommended by Pharmacia (d.s. Nested Deletion Kit) and sequenced using a combination of forward and reverse primers and synthesized oligonucleotide primers. Primers were made using a 381A DNA synthesizer (Applied Biosystems Inc.).
Computer analysis of DNA sequences was carried out using the SEQNET package from the SERC facility at Daresbury and DNA Strider [22] .
Northern-blot analysis Poly(A)+ mRNA was prepared from either 5 g of young leaf or Figure 2 .
open reading frame is shown in Figure 1 . Dot matrix analysis of the cDNA with previously described ACCase sequences showed it to be a partial clone of ACCase corresponding to the transcarboxylase domain (Figure 2 ). The predicted amino acid sequence of the rape clone showed sequence identity/similarity levels of approximately 44/61 % with the yeast [24] , rat [17] , algae [19] and the wheat ACCase clone which had been previously authenticated by peptide sequencing [11] . As the mRNA contains a poly(A) tail and was obtained from the poly(A) fraction, it is probable that ACCase cDNA isolated was nuclear encoded.
Northern-blot analysis of rape embryogenesis Oil production occurs at different rates during rape embryogenesis, therefore it was important to study the corresponding levels of ACCase. Although ACCase activity has been studied in relation to embryogenesis [16] , no information on mRNA levels has been reported. Figure 3 (a). The Northern blot was hybridized separately to three successive probes and stripped after each in preparation for the next probe. The three probes used were embryo-derived cDNAs for enoyl-[acyl-carrier-protein (ACP)] reductase (1.15 kb), 3-oxoacyl-(acyl-carrier-protein) reductase (/-keto reductase) (1.185 kb) and ACCase (2.5 kb). All three cDNAs were highly expressed in seed material with maximum expression being co-incidental at 29 days after flowering ( Figure  3a) . However it appears in this experiment that the initial onset of mRNA production occurs in the order enoyl reductase, /l-keto reductase and ACCase. The profile of expression of all three genes during embryogenesis was reproducible in individually probed blots with peak expression occurring at 29 days (results not shown). The enoyl-(ACP) reductase has been shown previously to exhibit temporal-and tissue-specific expression [25] . 
Embryo V leaf ACCase-expression studies
As a large part of the mature embryo consists of oil, it might be expected that ACCase would be expressed at higher levels in embryo than leaf. A Northern-blot comparison of ACCase expression in embryo 29 days after anthesis and young leaf, using the embryo-derived 2.5 kb cDNA as a probe, is shown in Figure  3(b) . The 7.5 kb band that hybridizes was approximately five times more abundant in seed than in leaf, as might be expected for ACCase. The size of the full-length mRNA (7.5 kb) was consistent with the known size of the full-length mRNA for both maize and wheat ACCase [7, 11] .
Isolation of the Arabidopsis ACCase genomic clone and further rape cDNA cloning
The average insert size of our rape poly(dT)-primed cDNA library, described above, was approximately 2-2.5 kb. Therefore it was unlikely that the library would contain much more 5' cDNA. To obtain more 5' sequence a random-primed library from rape embryo mRNA was constructed. Having made a suitable library, there were two strategies available for cloning more 5' cDNA: (i) screen using the 5' region of our cDNA; (ii) screen using 5' probes from a genomic clone. We chose the second option. The strategy was to clone the ACCase genomic gene, identify the open reading frames by sequence comparison and generate specific probes by the use of PCR. As Arabidopsis is related to rape and has a smaller genome, we chose to obtain the genomic clone from Arabidopsis. Previous data from this laboratory have shown that Arabidopsis DNA sequences display a high degree of identity to those of rape (not shown). We used the rape 2.5 kb cDNA clone to screen a AFixll Arabidopsis genomic library and obtained one positive recombinant clone. The genomic DNA was excised from the A clone by a partial Sall digest and subcloned into pSK+. The genomic clone (pKLS2) was extensively subcloned through a combination of EcoRI/ SalI/XbaI/HindIII digests, and partially sequenced by both dye primer and dye terminator chemistry. We found that intron-exon boundaries could not be allocated without cDNA data. We therefore opted to sequence only enough of the genomic clone to allow generation of open-reading-frame probes for cDNA screening. The full-sequence data obtained are shown schematically in Figure 4 (a) (hatched areas A, Aii, B, C, D, E and F) and have been deposited with the EMBL database (accession nos. X77375-X77381).
To map the ACCase activity domain order within the genomic clone, the open-reading-frame sequences from the different sequenced areas were compared with the first two domains of the full-length yeast cDNA (Figure 4bi and ii) and the rape transcarboxylase domain (Figure 4biii) Figure 4(a) , i.e. biotin carboxylase-biotin binding-transcarboxylase.
Sequence data from an open reading frame at the 5' end of the genomic clone (area Aii) showed marked homology (49.5/64 % identity/similarity at the derived amino acid level) to the 5' region of yeast ACCise (Figure 4bi) . The 3' end of the cloned genomic fragment (19 kb) was sequenced and shown to be homologous to the 3' end of the rape 2.5 kb cDNA clone isolated from the poly(dT)-primed mRNA library ( Figure 4biii ). As we had approximately 1.3 kb 5' to area Aii, we reasoned that it was likely that we had cloned the full-length genomic clone.
As the sequence of the Arabidopsis genomic was apparently similar to the rape cDNA isolated (86 % identity in the exons of areas E and F), it was clear that the genomic clone could be used to isolate further rape cDNAs. We generated a specific probe via PCR of area C within the genomic clone and used it to screen the random-primed library generated from rape embryo mRNA. Two cDNA clones (pRS8 and pRS6 containing 2.0 kb and 1.1 kb cDNA respectively) were isolated and sequenced. The cDNA from each was shown to overlap. The full combined derived amino acid sequence (pRS8/6 2.38 kb cDNA size) is presented in Figure 5 (ai) (EMBL accession no. X77374). The sequence analysis of the clones indicated homology to the sequences of yeast (39/58 % identity/similarity), rat (38/590% identity/similarity) and algal (34/54 % identity/similarity) ACCases. Within the cDNA sequence is the highly conserved [26] biotin-binding site (Val-Met-Lys-Met), shown in Figure  5 (ai) as the underlined region. Direct comparison with the yeast biotin-binding site is shown in Figure 5 (aii). Interestingly, the sequence also showed identity at its 5' (19 kb) which had been random-prime labelled. The sum of the Arabidopsis bands that hybridized to the probe was approximately 20 kb ( Figure 6 ). As the genomic clone is approximately 19 kb, and showed a similar pattern when digested with the same enzymes (results not shown), we deduced that there is only one gene present in Arabidopsis. Although the rape profile is more complicated, it can be seen that it consists of a relatively small gene family ( Figure 6 ).
DISCUSSION
In this paper we present the first report of a cDNA sequence from a dicotyledonous plant that equates to the biotin-binding and transcarboxylase domains of ACCase. Rape seed ACCase is probably nuclear encoded and the mRNA of 7.5 kb corresponds to the full-length message as deduced by Northern-blot analysis. Such analysis clearly shows that ACCase is highly regulated with respect to both tissue and temporal expression. This is consistent with earlier studies on the activity of the ACCase protein in maturing seed material.
Comparison of the expression of ACCase with both enoyl-(ACP) reductase and 8-keto reductase indicates that they show similar temporal expression. The level of all three mRNAs increases continually throughout the lipid-deposition phase reaching a peak at 29 days after anthesis. This is entirely consistent with the increasing demand on the lipid-synthesizing machinery. The Arabidopsis gene isolated enabled us to deduce the domain order (biotin carboxylase-biotin binding-transcarboxylase) and structure of higher-plant ACCase. It has also allowed us to design probes that can eventually be used to isolate cDNAs that span the whole 7.5 kb of ACCase.
It With the availability of cDNAs to rape ACCase, we are now able to investigate further its importance in metabolic regulation of the lipid pathway by antisense constructs. It may be that switching off ACCase synthesis will effect a cascade of metabolically related activities, as has been shown with RUBISCO [27] .
